OCL1 (OUTER CELL LAYER1) encodes a maize HD-ZIP class IV transcription factor (TF) characterized by the presence of a homeo DNA-binding domain (HD), a dimerization leucine zipper domain (ZIP), and a steroidogenic acute regulatory protein (StAR)-related lipid transfer domain (START) involved in lipid transport in animals but the function of which is still unknown in plants. By combining yeast and plant trans-activation assays, the transcriptional activation domain of OCL1 was localized to 85 amino acids in the N-terminal part of the START domain. Full-length OCL1 devoid of this activation domain is unable to trans-activate a reporter gene under the control of a minimal promoter fused to six repeats of the L1 box, a cis-element present in target genes of HD-ZIP IV TFs in Arabidopsis. In addition, ectopic expression of OCL1 leads to pleiotropic phenotypic aberrations in transgenic maize plants, the most conspicuous one being a strong delay in flowering time which is correlated with the misexpression of molecular markers for floral transition such as ZMM4 (Zea Mays MADS-box4) or DLF1 (DELAYED FLOWERING1). As suggested by the interaction in planta between OCL1 and SWI3C1, a bona fide subunit of the SWI/SNF complex, OCL1 may modulate transcriptional activity of its target genes by interaction with a chromatin remodelling complex.
Introduction
Transcription factors (TFs) are key cellular components that control gene expression. Their activities determine how cells respond to external and internal stimuli, and changes in their sequence, regulation, or action are probably a major source for phenotypic diversity and evolutionary adaptation (Wang et al., 1999; Bustamante et al., 2005) . TFs have distinct domains for the recognition of target genes (DNAbinding domain; BD) and for the stimulation of the transcriptional machinery (activation domain; AD). While BDs are highly conserved, ADs are very diverse in structure and only a few of them have been characterized. Acidic domains as well as proline-, glutamine-, or serine/threonine-rich regions have been shown to possess activation functions, but not all ADs fit in these categories (Triezenberg, 1995; Roberts, 2000) . Folding in a-helices (Donaldson and Capone, 1992) or b-sheets (Van Hoy et al., 1993) was reported under certain conditions for several ADs, although these domains remain largely unstructured in solution. In fact much remains to be learned about the function and structure of ADs, which are difficult to predict from primary sequences.
HD-ZIP class IV proteins are plant-specific TFs characterized by the presence of four conserved domains (Fig. 1A) . A homeodomain (HD), which is a highly conserved DNA-binding domain, is located in the N-terminus. HD-binding site selection experiments using four recombinant HD-ZIP IV proteins established the palindromic 11 bp consensus sequence 5#-GCATTAAATGC-3# (Nakamura et al., 2006) which overlaps with the L1 box sequence [5#-TAAATG(C/T)A-3#], an asymmetric cis-element previously identified in the promoters of several HD-ZIP IV target genes (Abe et al., 2001; Ohashi et al., 2003) . The third helix of the HD is immediately followed by a leucine zipper (ZIP) motif which promotes dimerization in an in vitro DNA binding assay (Di Cristina et al., 1996) . The third domain is a steroidogenic acute regulatory protein (StAR)-related lipid transfer (START) domain of ;200 amino acids which in animals is involved in lipid binding and/or transport (Ponting and Aravind, 1999; Alpy and Tomasetto, 2005) . Whereas in animals START domains are never present in TFs, they are primarily found associated with the HD-ZIP domain in plants (Schrick et al., 2004) , suggesting the possibility of a lipid/sterol regulation of target gene transcription via these TFs. However, the nature of the putative ligand(s) remains unknown, and whether this lipid-binding function is conserved or diversified in plants has not been investigated yet. Finally, the C-terminal part of HD-ZIP IV proteins consists of the conserved HD-START-associated domain (HD-SAD) of unknown function (Mukherjee and Burglin, 2006) .
HD-ZIP IV genes have been identified in several plant species including Arabidopsis, maize, and rice, and a common feature of the vast majority of these genes resides in their epidermis-specific expression pattern (Ingram et al., 2000; Ito, 2003; Nakamura et al., 2006) . In maize, OCL1 (OUTER CELL LAYER1) is expressed in the epidermis of embryo, endosperm, meristematic tissues, and organ primordia (Ingram et al., 1999 (Ingram et al., , 2000 . Constitutive expression of a dominant-negative form of OCL1 causes a transient reduction of kernel size in transgenic maize (Khaled et al., 2005) , while ocl4 loss-of-function mutants are altered in trichome patterning and anther cell layer differentiation (Vernoud et al., 2009) . Other functional data emanate from Arabidopsis. In particular, the atml1/pdf2 (arabidopsis thaliana meristem layer1/protodermal factor2) double mutant has severe defects in shoot epidermal cell differentiation (Abe et al., 2003) , while the gl2 (glabra2) mutant shows abnormal trichome differentiation and ectopic root hair development (Rerie et al., 1994; Di Cristina et al., 1996) . In addition, fwa (flowering late) semi-dominant mutants are late flowering (Koornneef et al., 1991; Soppe et al., 2000) , a phenotype shared by plants overexpressing PDF2 (Abe et al., 2003) .
In eukaryotes, chromatin structure including the structure imposed by the nucleosome implies that TFs work together with large multisubunit complexes that remodel nucleosomes to facilitate DNA accessibility and to enable transcription. Complexes belonging to the SWITCH/ SUCROSE NONFERMENTING (SWI/SNF) class of chromatin remodelling complexes (CRCs) use energy from ATP hydrolysis to destabilize interaction between histone octamers and DNA (Smith and Peterson, 2005; de la Serna et al., 2006) . The minimal SWI/SNF core complex that has nucleosome remodelling activity in vitro includes three evolutionarily conserved proteins (Phelan et al., 1999) . In plants, although no such complex has been purified, the analysis of fully sequenced genomes established the existence of genes encoding homologues of all members of the SWI/SNF core complex (www.chromdb.org). In Arabidopsis, four SWI3 proteins (AtSWI3A-AtSWI3D) were identified, and genetic analysis demonstrated that both AtSWI3A and AtSWI3B are essential for early embryonic development, whereas AtSWI3C and AtSWI3D affect different phases of vegetative and reproductive development (Sarnowski et al., 2005) .
The switch from vegetative to reproductive growth (also named floral transition) is one of the most fundamental transitions in the life cycle of plants. The total number of leaves produced by a plant is specified by the floral transition and is one way to measure the timing of flowering. In maize, genetic analyses have defined two separate loci affecting flowering time: INDETERMINATE1 (ID1) and DELAYED FLOWERING1 (DLF1) (Colasanti et al., 1998; Muszynski et al., 2006) . Both knockout mutants are delayed in their floral transition. ID1 encodes a zinc-finger DNA-binding protein without any clear orthologue in Arabidopsis (Colasanti et al., 2006) , while DLF1 encodes a b-ZIP transcription factor presenting strong homology with the Arabidopsis floral regulator FLOWERING LOCUS D (FD; Muszynski et al., 2006) . Similar to known targets of FD in Arabidopsis, maize MADS-box genes (ZMM) were proposed to be targets of DLF1 (Muszynski et al., 2006; Danilevskaya et al., 2008a) . In particular, overexpression of ZMM4 induces early flowering in transgenic maize and suppresses the late flowering phenotype of both id1 and dlf1 mutations (Danilevskaya et al., 2008b) .
In this work, the functional characterization of OCL1, an HD-ZIP class IV TF from maize, is presented. By combining yeast and plant trans-activation assays, we show that the AD of OCL1 is localized in the putative lipid binding START domain. As suggested by the demonstration of the interaction between OCL1 and SWI3C1, a member of the SWI/SNF complex, OCL1 may modulate the transcriptional activity of its target genes by interaction with a chromatin remodelling complex. Furthermore, overexpression of OCL1 in maize leads to pleiotropic phenotypic aberrations, among them a strong delay in flowering time.
Materials and methods

Plant material and culture
Maize plants were grown in a greenhouse with a 16 h illumination period at 24/19°C (day/night) without control of the relative humidity. OCL1-OE transgenic lines were produced by the Maize Transformation Team of Biogemma SAS (Clermont-Ferrand).
All the experiments described herein compared hemizygous OCL1-OE plants with their non-transgenic sister plants (referred to as wild type) that had been distinguished by PCR genotyping (Supplementary Table S2 available at JXB online). Plants were grown in parallel and samples harvested under the same conditions.
T-DNA construct and plant transformation The plasmid used for the production of OCL1-OE plants contains the backbone of vector pSB11 (Ishida et al., 1996) , a Basta resistance cassette (rice Actin promoter and intron, Bar, and Nos terminator) next to the right border, and the OCL1 coding sequence (including a 6-HIS tag before the STOP codon) under the control of the CsVMV (Cassava vein mosaic virus) promoter next to the left border. Primers used to amplify OCL1 are given in Supplementary Table S2 at JXB online. Agrobacterium-mediated transformation of maize inbred line A188 was based on a published protocol (Ishida et al., 2007) . For each transformation event the number of T-DNA insertions was evaluated by Southern blot, and the integrity of the transgene was verified by PCR.
Plasmid construction
For yeast trans-activation assays, deletion derivatives of the OCL1 cDNA were cloned into the pAS2 plasmid (Clontech). For maize transient expression assays, Pcl constructs were derived from the pL700 vector harbouring the CsVMV promoter and a modified yeast GAL4 BD (Haseloff, 1999) , while Pck constructs were derived from the pL551 plasmid that contained a Gateway attR1-attR2 recombination cassette (Invitrogen) downstream of the CsVMV promoter. For details of the constructs, see Supplementary Table S1 at JXB online.
One-hybrid and transient expression assay Transformation of the yeast strain PJ69-4A (James et al., 1996) and b-galactosidase assay were performed according to Gietz et al. (1992) and to the yeast protocol handbook (Clontech), respectively. Two independent transformations were performed for each plasmid construction and at least two independent yeast isolates were tested for each transformation for growth on selection medium (SD minus AHLW) and for b-galactosidase activity. For detection of the haemagglutinin (HA) fusion proteins, yeast cell lysates were prepared according to Horvath and Riezman (1994) and immunoblotting was performed using mouse monoclonal antibodies against the HA epitope (Boehringer) at 1/250 dilution.
For maize transient expression experiments, Zea mays cv Black Mexican Sweet (BMS) suspension cells were placed on a culture medium of high osmotic pressure (Bonello et al., 2000) and were co-bombarded with the plasmid of interest and the reporter plasmid using a particle inflow gun PDS-1000/He Biolistic Ò Particle Delivery System (BioRad). Plasmid DNA (2.5 lg of each construct) was coated onto gold particles (1 lm diameter) and bombardment conditions were performed essentially as previously described in Klein et al. (1989) . Histochemical detection of GUS expression was performed according to Jefferson (1989) and indigo spots were counted. Each (co)transformation was done six times and entire experiments were repeated at least three times. For each experiment, the bombardment of the reporter plasmid alone allowed normalization of the results.
Phenotypic and cytological analyses
Measurement of total leaf number was done by marking each leaf with an indelible marker. Leaf width was measured at the widest part of the leaf blade, and leaf length was measured from the tip of the leaf blade to the ligule. Floral transition was determined after removing immature leaves from the shoot apices to expose the shoot apical meristem (SAM). Meristems that had elongated and initiated visible branch meristems were scored as post-floral transition stage.
Maize leaf samples were fixed overnight in 2% glutaraldehyde, 2% paraformaldehyde, and 0.3% Tween-20, dehydrated in an ethanol series, and embedded in Technovit 7100 resin (Hereaus Kulzer). Transverse sections of 4 lm were collected on glass slides and stained for 1 min in Lugol solution (Fluka).
Tissue preparation for transmission electron microscopy (TEM) analysis was done accordingly to Ma et al. (2008) , except that samples were embedded in hard LV Agar resin (Agar Scientific). Ultrathin sections (60-80 nm) were cut on a Leica RMC MTXL ultramicrotome with a diamond knife and lifted onto 300 mesh copper grids. Grids were stained in 2% uranyl acetate and lead citrate, and observed on a Hitachi H-800 transmission electronic microscope.
qRT-PCR For each sample, 8-10 shoot apices were collected. Vegetative shoot apices consisted of the SAM, a few leaf primordia, and subtending stem tissues, while early and late reproductive apices only contained young inflorescences and subtending tissues. RNA extraction, DNase treatment, and cDNA synthesis were performed as described in Khaled et al. (2005) . Quantitative PCR was carried out as described in Vernoud et al. (2009) . Relative gene expression values were determined using the 2 ÀDDCT method (Schmittgen and Livak, 2008) with the 18S gene as reference. Primers used to amplify ZMM4 (AJ430641), DLF1 (EF093789), and ID1 (AF058757) are listed in Supplementary Table S2 at JXB online.
Yeast two-hybrid screen An expression cDNA library (gift of R. Thompson, Cologne) had been generated from mRNA isolated from a 7 days after pollination (DAP) kernel using the hybrid-Zap vector following the manufacturer's instructions (Stratagene). The Gal4 BD-OCL1 fusion was constructed in pAS2 (Clonetech). Yeast strain PJ69-4A was co-transformed using a lithium acetate-based protocol (Gietz et al., 1992) and grown on standard media.
BiFC assay
Full-length OCL1 and ZmSWI3C1 cDNAs were recombined into the BiFC (bimolecular fluorescence complementation) expression vectors pBIFP (gift from F. Parcy, Grenoble; Desprez et al., 2007) with Gateway technology (Invitrogen). Leaves of 3-week-old Nicotiana benthamiana were transiently transformed by Agrobacterium infiltration as described in Batoko et al. (2000) . The BiFC constructs were co-infiltrated with the pro35S-P19 plasmid expressing the silencing suppressor p19 of tomato bushy stunt virus (Voinnet et al., 2003) and with a plasmid expressing a pro35S-H2B-RFP construct (gift from F. Berger, Singapore). Yellow fluorescent protein (YFP) and red fluorescent protein (RFP) fluorescence was detected 3 d after infiltration on a Zeiss LSM-510 laser scanning microscope, with an emission filter BP505-550 and BP560-615, respectively.
Phylogenic analysis
For phylogenetic trees, amino acid sequences were aligned by ClustalW. Conserved blocks were selected manually with the Seaview program (http://pbil.univ-lyon1.fr/software/seaview.html), and phylogenetic trees were generated by Treefinder software (www.treefinder.de) with the substitution model WAG_optimumG4 and 1000 bootstraps replicates.
Results
The transcriptional activation domain of OCL1 is part of the START domain
To test whether OCL1 had the capacity to activate transcription, a fusion of OCL1 devoid of its own DNA BD (construct Y1, Fig.1B ) with the yeast GAL4 BD was expressed in yeast cells. The construct supported both the growth of the yeast strain on selective medium (Fig. 1B) and the activation of b-galactosidase reporter gene expression (data not shown), suggesting that OCL1 could indeed act as a transcriptional activator, at least in yeast. To localize the AD within OCL1, eight deletion derivatives of the active construct (constructs Y2-Y9) were tested. The functionality of all constructs and the presence of the corresponding tagged proteins were demonstrated by western blot with an anti-HA monoclonal antibody (IB, Fig. 1B) . Surprisingly, only the shortest construct (Y8) showed transcriptional trans-activation. None of the other constructs, even those containing the entire minimal fragment, promoted either growth or substantial b-galactosidase activity. While these data clearly demonstrated that the domain responsible for the trans-activation in yeast resided in the N-terminal region of the START domain of OCL1 (amino acids 318-402), they also suggested that the three-dimensional context of this domain strongly influenced its activity and/or that the 85 amino acid OCL1 fragment alone may be improved sterically for efficient trans-activation, at least in yeast.
To examine the trans-activation capacities of OCL1 in plant cells, the two OCL1 fragments active in yeast and an inactive control fragment (Pcl1, Pcl4, and Pcl8, Fig. 1C ) were re-cloned in plant vectors with a codon-optimized GAL4 BD and co-bombarded Z. mays BMS suspension cells with a proUAS GAL -GUS reporter construct. As in yeast, the full (Pcl1) and minimal construct (Pcl8) strongly trans-activated the reporter construct, in contrast to the intermediate construct Pcl4 (Fig. 1C) . These results indicated that the N-terminal part of the OCL1 START domain was sufficient to activate transcription in maize cells.
To assess further the role of this domain in the regulation of target genes by OCL1, the fragments to be tested were placed in their native context downstream of an HD rather than a GAL4 BD, and a suitable reporter plasmid was constructed, in which the GUS reporter gene was preceded by a minimal 35S promoter and six repetitions of the L1 box (Fig. 1D) , a cis-element known to be bound by several HD-ZIP IV transcription factors in Arabidopsis (Abe et al., 2001 (Abe et al., , 2003 Ohashi et al., 2003) . The full-length OCL1 construct (Pck1) provided strong trans-activation, thereby validating the assays system (Fig. 1D) . On the other hand, deletion of the AD (Pck1DAD) caused a drop of activity to background levels, showing that OCL1 had lost its transcriptional activation capacity.
The AD of OCL1 defined by these deletion experiments is 85 amino acids in length and is composed of 40% hydrophobic and 15% acidic amino acid residues (Fig. 1E) . The three majors amino acids are leucine (12.2%), serine (13.3%), and valine (10%). Alignment of the AD of OCL1 with the corresponding sequence of 35 other HD-ZIP IV proteins revealed a conservation of this domain (Supplementary Fig. S1 at JXB online). However, the whole START domain itself is conserved among this class of TF, and evolutionary selection analysis did not reveal any selection pressure in the AD versus the whole START domain (data not shown).
OCL1 interacts with SWI3C1, a member of the SWI/ SNF complex
Since transcriptional activation by TFs not only implies binding to DNA but also interaction with other proteins, the yeast two-hybrid system was used to isolate proteins interacting with OCL1. A truncated version of OCL1 was fused to the GAL4 BD to avoid transcriptional activation in the absence of the 'bait', a 7 DAP maize kernel cDNA library fused to the GAL4 AD. A total of 96 clones passing the growth and b-galactosidase tests were sequenced and 70 of them corresponded to a single gene presenting sequence similarity to SWI3 encoding a subunit of the ATP-dependent SWI/SNF chromatin remodelling complex. The gene was named SWI3C1 and the full-length cDNA (accession GQ429003) was obtained by 5# RACE (rapid amplification of cDNA ends) PCR. The deduced protein sequence (773 amino acids, 83 kDa) contained two typical domains of SWI3 proteins ( Fig. 2A, and Supplementary Fig. S2 at JXB online). The SWIRM domain (SWI3/Rsc8/Moira, IPR007526), a conserved module present in numerous CRCs, has been shown to bind DNA and the nucleosome (Da et al., 2006) , while the SANT domain (SWI3/ADA2/N-Cor/TFIII, IPR001005) has been proposed to function as a histone interaction module (Boyer et al., 2004) . Like RSC8p, the SWI3 subunit of the yeast RSC complex, SWI3C1 has an additional ZZ-type zinc finger domain (IPR000433), which could be implicated in mediating specific protein-protein interaction with transcriptional adaptors or activators (Ponting et al., 1996) . Finally SWI3C1 shared a leucine-rich region (residues 585-655) with the four Arabiodpsis SWI3 proteins (Sarnowski et al., 2005) , which has been previously called a leucine zipper despite the fact that there was no strict periodicity of leucine residues at every seventh position (Supplementary Fig. S2 ). Phylogenetic analysis confirmed the previously established division of plant SWI3 proteins into two distinct families (A/B and C/D, Fig. 2B ). Adding all available maize sequences, it was shown that within the C/D family each of the two clades was composed of one protein in Arabidopsis (AtSWI3C or AtSWI3D) and two related proteins in monocots (Fig. 2B ). ZmSWI3C1 and the closely related ZmSWI3C2 formed an orthologous group with AtSWI3C.
Expression studies in major maize tissues established extensive co-expression between OCL1 and SWI3C1 ( Supplementary Fig. S3 at JXB online). Furthermore the interaction between the two proteins observed in yeast was confirmed in planta by use of the BiFC technique. The N-terminal (YN) and C-terminal (YC) fragments of YFP were both fused to the N-terminus of the full-length coding sequence of OCL1 and SWI3C1 under the control of the 35S promoter. Co-expression of YN-OCL1 and YC-SWI3C1 ( Fig. 2C-E) as well as YN-SWI3C1 and YC-OCL1 (data not shown) in N. benthamiana leaves infiltrated via Agrobacterium yielded strong YFP fluorescence in the nuclei of epidermal cells. The nuclear localization of the interaction was confirmed by co-transformation with a histone H2B-mRFP1 construct targeted to the chromatin (Fig. 2D, E) . Expression of YN-OCL1 or YC-SWI3C1 alone or in combination with the appropriate construct of the nuclear-localized LEAFY TF did not produce any signal (data not shown).
Next, experiments were carried out to investigate whether the fusion proteins also formed homodimers. Indeed, HD-ZIP proteins are thought to bind to DNA as dimers (Sessa et al., 1993) and SWI3 proteins are capable of oligomerization (Crosby et al., 1999; Sarnowski et al., 2002) . As seen in Fig. 2 , BiFC signal was detected in the nuclear compartments of tobacco cells after co-transformation of either YN-OCL1 with YC-OCL1 (Fig. 2F-H) or YN-SWI3C1 with YC-SWI3C1 (Fig. 2I-K) , indicating homodimerization of both OCL1 and SWI3C1.
Ectopic expression of OCL1 causes late flowering
To address the function of OCL1 in maize, transgenic plants overexpressing the OCL1 coding sequence under the control of the constitutive CsVMV promoter (Verdaguer et al., 1996) were generated. Six out of the 10 independent transgenic T 1 lines obtained showed a similar phenotype in which flowering was delayed to various degrees. Four independent lines (K1, K3, K5, and K6) that carried a unique T-DNA insertion (data not shown) were selected and evaluated for their transgene expression level. Quantitative reverse transcription-PCR (RT-PCR) experiments on leaves showed that lines K1 and K3 contained ;3-fold more OCL1 transcript than lines K5 and K6. The former were considered as strong overexpressers, with an OCL1 expression 80 times higher than in the wild type ( Supplementary Fig. S4 at JXB online).
Lines K6 (moderate OCL1-OE) and K3 (strong OCL1-OE) were pollinated by the standard line A188 and further phenotypic analyses were carried out on the T 2 progeny comparing hemizygous transgenic plants with their non-transgenic siblings that will be referred to as the wild type hereafter. Whereas wild-type plants produced on average 15.2 leaves before flowering, K6 and K3 lines produced 18.7 and 21.3 leaves, respectively (Table 1) . Both pollen shed and silk emergence were delayed in the transgenic lines, and the extent of the delay, calculated as the total number of leaves at maturity, was correlated with the OCL1 expression level (Table 1) . At the time when wildtype plants were at anthesis, OCL1-OE plants of the same age were still producing leaves (Fig. 3A, B) ; their anthesis eventually occurred 14-28 d later than in wild-type plants (Table 1, Fig. 3C ). The duration of the juvenile phase was unaltered in the transgenic plants, and the increased leaf number was accounted for almost entirely by an increase of adult leaves below the ear (Table 1) . Dissection of shoot apices at different times after sowing confirmed that floral transition was delayed in the plants expressing the transgene (Table 1) . This phenotype was shown to remain stable over several generations.
Thus, overexpression of the maize HD-ZIP IV transcription factor OCL1 affects the timing of ear and tassel initiation and prolongs the vegetative growth of the shoot. In addition, the severity of the phenotype is correlated with the expression level of the transgene.
Ectopic expression of OCL1 gives rise to pleiotropic phenotypes
Ectopic expression of OCL1 had additional effects on maize development which were particularly noticeable in the strong overexpressers lines (K3 and K1). First, transgenic leaves in comparable positions below the ear (up to leaf 8) were narrower and shorter than wild-type leaves (Fig. 3D, K) . In addition, OCL1-OE leaves displayed a pale green colour (Fig. 3B-D) , that resulted from a lower chlorophyll content ( Supplementary Fig. S5 at JXB online). Lugol staining of leaf cross-sections revealed an absence of starch accumulation in transgenic bundle sheath cells compared with wildtype leaves collected in the same conditions (Fig. 3E, F) , which was confirmed by TEM observations of bundle sheath chloroplasts (Fig. 3G, H) . In addition, quantitative and qualitative defects in the epicuticular wax composition of juvenile leaves were observed in the transgenics (Javelle et al., 2010) . OCL1 overexpression also had an effect on tassel development. Transgenic tassels had shorter and more upright lateral branches with aborted flowers at their extremities (Fig. 3I, J) . Pollen set was low but the transgene could be transmitted through the male. At maturity, bending of the stem part above the ear node was observed, leaving the primary ear rather than the tassel in the apical position (Fig. 3C) .
Thus, when ectopically expressed at a high level, OCL1 causes pleiotropic developmental defects during both the vegetative and reproductive phases of growth.
OCL1-OE delayed flowering is associated with the misregulation of ZMM4 and DLF1
In order to gain more insight into the molecular mechanisms underlying the flowering phenotype of the OCL1-OE plants, the temporal expression pattern of genes involved in maize floral transition (ZMM4, DLF1, and ID1) was investigated.
For ZMM4 and DLF1 (Fig. 4A, B) , real-time RT-PCR was conducted on RNA isolated from transgenic and wildtype shoot apices collected at representative growth stages. In wild-type, shoot apices were vegetative at 12 and 24 days after sowing (DAS), and reproductive from 27 DAS onwards. In OCL1-OE plants the floral transition was greatly delayed (Table 1) and took place only at 45 DAS. At 52 DAS, transgenic shoot apices corresponded to small tassels with secondary branches, whereas wild-type tassels were almost mature (see the Materials and methods for the description of the sampling).
As reported earlier (Danilevskaya et al., 2008a) , the ZMM4 mRNA level in wild-type shoot apices was low at early vegetative growth stages, increased rapidly, peaked at the floral transition (27 DAS), and then declined progressively as inflorescence development progressed (Fig. 4A) .
In OCL1-OE shoot apices, ZMM4 expression levels remained very low all along the extended vegetative growth phase, and a peak of expression occurred at the onset of reproductive growth that was delayed by 18 d (45 DAS, Fig. 4A ). In contrast to the wild type there was no decline in transcript accumulation after the floral transition, and ZMM4 transcript levels remained relatively constant as the tassel developed (Fig. 4A) .
In wild-type samples, DLF1 mRNA was present in the shoot apex during vegetative growth, increased, as expected, ;2-fold at the time of floral transition (27 DAS), and then dropped rapidly to undetectable levels after the transition in early reproductive growth (Muszynski et al., 2006) . In OCL1-OE shoot apices, DLF1 mRNA accumulation followed almost the same pattern until 34 DAS. Interestingly, the 2-fold increase in mRNA accumulation at 27 DAS took place despite the delayed switch from vegetative to reproductive growth. A second, stronger peak of expression was observed at the onset of floral transition (45 DAS), followed by a steep decrease to the basal level in young transgenic tassels (52 DAS).
As ID1 mRNA is absent from the SAM and nascent leaf primordia but present in immature developing leaves (Colasanti et al., 1998; Wong and Colasanti, 2007) , the ID1 transcript level was assessed in the latter tissues. Total RNA was prepared from the central cylinder of immature leaves of wild-type and transgenic plants that had made 7-8 visible leaves (Coneva et al., 2007) . No significant difference in ID1 expression level could be detected between both genotypes (Fig. 4C) .
Discussion
An unexpected role for the START domain in transcriptional activation
In this study, the region responsible for transcriptional activation by OCL1 has been located using deletion constructs of OCL1 in yeast and in maize. A minimal region of 85 amino acids was identified which is sufficient to confer transcriptional activation in yeast and maize, while removing this domain from the full-length OCL1 protein abolishes the activation capacity of this TF. Interestingly, this transcriptional AD is localized in the N-terminal region of the START domain, the function of which has remained undetermined in plants.
The trans-activation assays in yeast and maize BMS cells showed that some effector constructs did not present any trans-activation capacity although they contained the 85 amino acid AD. This could possibly be explained by conformational constraints and/or by the presence of a transcriptional repression domain in OCL1. In fact certain transcriptional regulators contain both activation and repression domains and can act as dichotomous regulators depending upon their cellular environment (Roberts and Green, 1995; Roberts, 2000) . In maize, the VP1 (VIVIPAROUS1) transcription factor functions as both a repressor and an activator of gene expression in the a All values are average 6SD. The number of plants is given in parentheses. WT, wild-type. K6 (moderate overexpression) and K3 (strong overexpression) are two independent transgenic lines expressing OCL1 at different levels.
b Completely covered with epicuticular wax; no epidermal hairs. c Male inflorescence meristem formation was determined after dissection of plant shoot apices. ND, not determined.
developing aleurone (Hoecker et al., 1995) , and in animals several nuclear hormone receptors are converted from transcriptional repressors to activators upon interaction with their ligand (Schulman et al., 1996) .
No particular feature in the primary sequence of the OCL1 AD could be found, except that it was rich in hydrophobic residues, just like the reminder of the START domain. In fact, transcriptional ADs have been loosely classified according to their amino acid composition. While acidic, proline-rich, and glutamine-rich domains have been primarily implied, bulky hydrophobic residues within these domain have been found in some cases to be critical for their function (Regier et al., 1993; Lin et al., 1994; Drysdale et al., 1995; Sainz et al., 1997) , but no consensus motif emerged from these studies. The hydrophobic residues have been proposed to be important in protein-protein interaction between TFs and the general transcription machinery. Further deletion constructs of the OCL1 AD coupled with single amino acid exchanges would allow identification of residues critical for transcriptional activation by OCL1.
A role for the OCL1 START domain in transcriptional regulation is in good agreement with the finding that this domain is predominantly associated with TFs in the plant kingdom. In Arabidopsis, 21 out of 35 START domaincontaining proteins are TFs, all belonging to the HD-ZIP family (Schrick et al., 2004) . The same tendency exists in rice (Schrick et al., 2004) and in maize (ND-F, unpublished data) . In contrast, animal START domains are never found associated with a DNA BD, and lipid transfer is the main role associated with human START-containing proteins (Schrick et al., 2004; Alpy and Tomasetto, 2005 ). An interesting case is the mouse phosphatidylcholine transfer protein (PC-TP, also known as StarD2) which interacts with Pax3 (Paired box gene 3), a HD-containing TF. The presence of PC-TP increased the transcriptional activity of Pax3 in tissue culture trans-activation assay (Kanno et al., 2007) .
Combining the knowledge from both kingdoms leads to the hypothesis that in plants the binding of lipids or sterols might induce a conformational change leading to activation of transcription, allowing, for instance, the AD to interact with chromatin remodelling complexes or the general transcription machinery.
OCL1 interacts with SWI3C1, a component of the SWI/ SNF chromatin remodelling complex
Transcriptional activation is accompanied by changes in chromatin structure giving TFs access to their target promoters, and this step often requires multiprotein complexes capable of manipulating the nucleosome architecture. Interestingly, an SWI3 protein (SWI3C1), one of the core subunits of the ATP-dependent SWI/SNF chromatin remodelling complex in yeast and animals, was isolated as a protein partner of OCL1. This interaction was confirmed in planta and localized to the nucleus as expected.
SWI3C1 possesses all the domains characteristic of the SWI3 protein family and belongs to the C subfamily of the plant SWI3 proteins, forming with SWI3C2 an orthologous group with the Arabidopsis AtSWI3C protein. atswi3c mutants were classified as early flowering in short-day conditions based on their leaf number and displayed pleiotropic phenotypes including leaf curling, aberrant stamen development, reduced fertility, and inhibition of root elongation (Sarnowski et al., 2005) . AtSWI3C interacts in yeast two-hybrid assays with BRAHMA (AtBRM) the closest plant homologue of the SNF2 ATPase (Farrona et al., 2004) , and atbrm mutations resulted in similar pleiotropic phenotypes and flowering time changes to atswi3c, while the double mutant displayed the majority of the characteristics of the single mutants (Hurtado et al., 2006; Jerzmanowski, 2007; Archacki et al., 2009) . From these data, it has been suggested that ATSWI3C and AtBRM together with ATSWI3B and the SNF5 subunit BUSHY (BSH) may be part of a common CRC acting during plant vegetative and reproductive growth (Jerzmanowski, 2007; Archacki et al., 2009) , although no such complex has been biochemically purified in plants. Unfortunately, the zmswi3c1 loss-of-function mutants necessary to attribute a function to this gene in maize could not be obtained either by TILLING or by RNA interference (RNAi, MJ and VV, unpublished data) . However, in view of the OCL1-OE phenotype and of the interaction between SWI3C1 and OCL1, it is tempting to speculate that the pleiotropic nature of the OCL1-OE transgenic plants, and in particular the delayed flowering, could be the consequence of chromatin remodelling caused by excessive/ectopic binding of OCL1 to SWI3C1.
SWI/SNF complexes bind DNA non-specifically, and their recruitment to specific promoters has been shown in animals and yeast to occur through direct interaction with transcriptional activators. Most subunits of the SWI/SNF complex interact with TFs, and distinct SWI/SNF subunits have been implicated in interactions with different TF domains (Neely et al., 2002; Simone, 2006) . For instance, purified yeast SWI/SNF complex directly interacts with the acidic ADs of Gcn4 and Hap4 (Neely et al., 1999; Yudkovsky et al., 1999) , while in human BAF155 and BAF170 (SWI3 homologues) directly interact with the zinc finger BD of EKLF (erythroid Krü ppel-like factor; Lee et al., 1999; Kadam et al., 2000) . Thus the interaction of OCL1 with SWI3C1 could recruit the CRC to OCL1 target genes, leading to chromatin opening and active transcription.
Ectopic expression of OCL1 causes delayed flowering
In an effort to better understand the role of HD-ZIP class IV transcription factors in maize development, transgenic plants expressing OCL1 under the control of the CsVMV promoter were generated and their phenotype analysed. OCL1-OE transgenic plants initiated more leaves before switching to reproductive growth and thus flowered later than their wild-type siblings. The strength of the phenotype was directly correlated to the transgene expression level.
Based on the observation of mutants and transgenic plants, a model for the control of floral transition in maize has been proposed (Muszynski et al., 2006; Danilevskaya et al., 2008b) . In this model, a leaf-derived florigenic signal whose production or transmission is regulated by the zinc finger transcriptional regulator ID1 would indirectly activate the b-ZIP protein DLF1 in the shoot apex. After a threshold level of DLF1 is reached, the floral transition is induced through the up-regulation of downstream MADSbox meristem identity genes such as ZMM4 (Danilevskaya et al., 2008a) . Consistent with the delayed flowering phenotype of the transgenic plants, qRT-PCR analysis of DLF1 and ZMM4 expression patterns in OCL1-OE plants revealed a peak of mRNA accumulation for these floral marker genes near the time of the floral transition, a pattern similar to the wild type but shifted later in time to coincide with the delayed floral transition. On the other hand, ectopic expression of OCL1 had no effect on ID1 mRNA levels in immature leaves, suggesting that the affected step in the transgenic plants is downstream of ID1 and upstream of DLF1-ZMM4.
Strong OCL1-OE plants had a pleiotropic phenotype, marked among others by a low chlorophyll content and the absence of starch accumulation in leaf bundle sheath cells. Interestingly, more than one-third of the genes differentially regulated between the wild type and the id1 late flowering mutant are involved in various aspect of photosynthesis and carbohydrate metabolism (Coneva et al., 2007) . In addition, several starch metabolic mutants of Arabidopsis are delayed in flowering (Eimert et al., 1995) , suggesting the existence of common regulatory elements between starch accumulation and floral transition.
An attempt was made to obtain a null allele for OCL1 by silencing the gene through an RNAi approach, but this strategy led to a maximum OCL1 transcript decrease of 50% in the best transformation event and did not yield any flowering phenotype (VV and MJ, unpublished data) . The absence of a validated null allele for OCL1 makes it difficult to speculate about the role of this TF in flowering time in a wild-type context. The situation is similar in Arabidopsis, where flowering delay caused by ectopic expression of HD-ZIP IV genes has been documented, while null mutants had no flowering phenotype (Abe et al., 2003; Komeda, 2004) . Overexpression of PDF2 leads to delayed flowering under continuous illumination (Abe et al., 2003) . A late flowering phenotype has also been reported for the fwa mutant, in which the FWA gene is actually ectopically expressed due to hypomethylation of its promoter (Soppe et al., 2000) . Epi-alleles of fwa suppressed the precocious flowering phenotype of plants overexpressing the floral activator FT (FLOWERING LOCUS T; Kardailsky et al., 1999) .
How exactly does OCL1 mediate delayed flowering in the transgenic plants? As a TF, OCL1 might act through misregulation of genuine target genes or alter the expression of off-target genes, for instance by titration of the chromatin remodelling factor SWI3C1 as suggested earlier. Alternatively, OCL1 might act via protein interaction, for instance with floral regulators. Interestingly, in Arabidopsis the late flowering phenotype of the fwa epi-mutants has been proposed to be caused by the binding of the ectopically produced FWA protein to FT (Ikeda et al., 2007) . So far no clear FT orthologue has been identified in maize, although ZCN8 seems to represent a good candidate (Danilevskaya et al., 2008b) . The ectopic expression of OCL1 in non-epidermal layers and the strong natural expression of ZCN8 in the leaf blade would permit protein interactions inhibiting proper signalling for floral transition.
Independently of the precise mechanism, the mild OCL1-OE events possibly provide an interesting biotechnology tool to delay flowering in order to satisfy demands for increased biomass for silage or higher yield for grain-based end-uses.
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